striction of the owl's pupil. The indirect evidence is the ability of the tawny owl to capture living sparrows and mice in complete darkness, compared to its failure to secure these animals when they are dead. According to Vanderplank this speaks for the ability of the owl to see these animals by the far infrared emitted by them in their capacity as heat radiators. Moreover dead animals and horse meat which were not eaten in total darkness were easily eaten when illuminated by infrared radiation.
It is apparent that if the experiments of Vanderplank are as reported, the visual system in the nocturnal owl is of a completely different kind than heretofore recorded for vertebrates, and rather at variance with what may be expected in terms of the structure of the eye and of the retina. We therefore undertook to test this matter by studying the sensibility in the spectrum of a typically nocturnal owl (the long-eared owl, Asio wilsonianus) using as objective criterion the effect of light on the size of the pupil.
II

Sensibility to Infrared
The experiments reported by Vanderplank require the owl's eye to be sensitive (a) to the far infrared (near 9000 m#) such as would be emitted by a black body radiator at a temperature of 40 ° C., and (b) to the near infrared such as is emitted by an ordinary tungsten incandescent lamp. Neither of these suppositions is correct, and the experiments of Vanderplank must have involved serious errors.
The sensibility of the tawny owl to the far infrared has been recently tested by Matthews and Matthews (1939) . They found that the tawny owl's eye which gave retinal potentials when exposed to ordinary light, failed to show any potential when illuminated by the infrared radiation from a black body at temperatures between 40 ° and 400 ° C.
Moreover, they demonstrated that the lens and vitreous humour of the eye are opaque to these radiations, as is to be expected from their high water content.
The long-eared owl, like the tawny owl, is an essentially nocturnal bird. We find that it is insensitive to the near infrared. This we established by exposing the dark-adapted owl to a ground glass screen which was illuminated by a 500 watt lamp through a Coming glass filter No. 255 transmitting no radiation below 750m/~. When the lamp was about a meter from the screen, and so produced a large surface of intense infrared radiation, we were unable to observe any effect on the size of the pupil of the owl. If instead of the infrared filter we used the green Wratten filter No. 74, the result was a powerful contraction of the pupil. The precise apparatus will be described in the next section.
By means of a thermopile and galvanometer we measured the total energy transmitted (a) by Coming filter 255, and (b) by Wratten filter 74 with the infrared removed by a combination of copper sulfate solution and heat filter. The infrared transmitted by filter 255, which failed to produce any perceptible effect on the iris of the owl, contains about 5 × 106 times as much energy as the green light transmitted by filter 74 when it produced an easily perceptible contraction of the iris.
We repeated these experiments with the green and the infrared filters often enough and under a sufficient variety of conditions to be quite certain that the infrared produces no perceptible effect on the owl's pupil. We must conclude that Vanderplank's experiments involved some other factor~ than infrared radiation. Unfortunately Vanderplank gives no description of his apparatus, so that one cannot guess the origins of his aberrant results.
Having established the insensibility of the owl to infrared light, we felt that this datum would have more meaning if it were related to the sensibility of the owl's eye in the spectrum generally. In addition it seemed desirable to determine the effectiveness of the spectrum in producing a pupillomotor response, because there does not exist any quantitatively adequate description of the owl's sensibility in the spectrum which can be compared with modern determinations of the luminosity functions in the human eye (of. Hess, 1912) .
III
Apparatus and Method
The arrangement of the apparatus is illustrated in Fig. 1 . The owl A sits on a rod in the wooden cage C, and is separated from the outside by a rectangular wire mesh B with openings 2 inches square. A large circular opening 2 feet in diameter in the front of the cage is covered with three layers of fine ground glass G. Three sheets of ground glass are used in order to provide a large, uniformly illuminated surface. Two ruby lamps R covered with paper are outside the mesh, and illuminate the owl so that its bright yellow iris is just adequately visible to the observer whose eye is at O. The owl is comparatively insensitive to red tight, and the illumination by the two ruby lamps furnishes tittle visual stimulus; the resulting iris contraction is practically minimal. The pupil is large--nearly 1 era. in diameter--and the iris may be seen as a fine bright band a fraction of a millimeter wide around the edge of the eye.
The illumination of the ground glass G is accomplished by the lamp L in the housing T. For experiments in the visible part of the spectrum, L is a 250 watt projection lamp while for work in the near infrared it is a similar 500 watt lamp. Various screens and filters are used to delimit the beam of light and to vary its intensity and color. //is a heatabsorbing falter, and F is any filter, neutral or colored, to control the color or intensity of the transmitted light. The whole assembly of lamp housing, screens, falters, and shutter S is on a moving table which can be placed at different distances from the ground glass screen, SPECTRAL SENSIBILITY O1 ~ OWL The light intensity on the ground glass is varied by decimal neutral filters for discrete steps, and by changing the distance of the lamp from the screen to produce a continuous gradation between the decimal steps.
For work with the infrared, Coming filter No. 255 is used between the 500 watt lamp and the ground glass. The color temperature of this lamp is about 3,000°K; its energy maximum is therefore in the near infrared at about 1000 m#. Since filter 255 transmits only above 750 m/~, most of the energy of the lamp passes the filter.
In the visible spectrum, different parts are isolated by Wratten monochromatic filters 70, 71A, 72, 73, 74, 75, and 76 . Because these are gelatin filters, we use a Bausch and Lomb heat absorbing filter between them and the lamp. We calibrated the Wratten filters and the heat absorbing filter with Shlaer's photoelectric spectrophotometer (Shlaer, 1938) . We also determined the energy distribution in the spectrum of the 250 watt lamp by measuring its color temperature in comparison with a lamp previously calibrated for different color temperatures. Using the transmission data for the filters
FIo. 1. Arrangement of apparatus. The owl at A sees the ground glass G which is illuminated by light from the lamp L after it has passed through various filters F for controlling its intensity and color. Further details are in the text. and the energy distribution of the lamp, we computed the relative energy transmitted by each of the Wratten filters in the spectrum in conjunction with the heat filter. From this information we then determined the wavelength corresponding to the center of the energy transmitted by each filter combination. These are given later in Table I .
It might seem that this indirect method of determining the relative energy transmitted by the various filters could be replaced by direct measurements with thermopile and galvanometer. Our experience, however, shows that it is difficult to eliminate completely the infrared transmitted by these filters; and since most of the lamp's energy is in the infrared, even the fraction which is transmitted by heat filters looms large in comparison with the energy in the particular part of the visible spectrum transmitted by a monochromatic filter.
The procedure in making the measurements is simple. First the owl is dark adapted for several hours. Then, the ruby lights are turned on, and the observer watches the iris of the eye. It is much better to focus attention on the bright though narrow iris band than on the much larger but darker pupil within it. When he feels certain of the size of the iris band, the observer signals for the opening of the shutter and the consequent illumination of the ground glass. The observer notes whether the iris band has changed in width as a result of the illumination. Depending on the response, the lamp is then brought nearer or farther, or a filter is put in or taken out. The observations are repeated in this way until an intensity is found which, when flashed suddenly on the ground glass screen, just produces a discernible increase in the width of the iris band--that is, a decrease in the size of the pupil.
We were pleasantly astonished at the precision which can be obtained by so simple a procedure, and therefore made no effort to measure the actual extent of the contraction of the iris in any objective way. The increase in width of the band which we could recognize with certainty is between 0.3 and 0.5 rum. and this minimal increase was adhered to throughout the experiments.
IV
Measurements
We made all our measurements with one owl kindly given us by Dr. G. K. Noble of the American Museum of Natural History. The seven Wratten filters were tested in no special sequence, and a series consisted in determining the relative energy required with each filter in order to produce the minimum observable pupil contraction. Over a period of several weeks we made five such series of measurements, in which we alternated as observer and manipulator. The data are in Table I where each value is the average of the five separate determinations. For convenience the value of 1 is assigned to the energy at 515 m~ which turns out to be the position of minimum energy as determined graphically.
The measurements are plotted in Fig. 2 as circles connected with a continuous line. The ordinates are the negative logarithms of the relative energies in Table I negative logarithms are for indicating the relative effectiveness of the spectrum.
It is apparent that the owl is very insensitive to red light. The energy in the red at 683 m/~ necessary for a minimal iris response is approximately 10,000 times as great as that in the blue-green at 515 m#. Extrapolation of the effectiveness curve in Fig. 2 toward the infrared makes it easily understandable why a relative energy content of 5,000,000 is not sufficient to produce even a minimal iris response. Thus, if one were to make a general statement about the owl's vision in the infrared, it would be the precise opposite of Vanderplank's, namely, that the owl is extremely insensitive to infrared radiation.
V Spectral Luminosity Curves
The relative effectiveness curve in Fig. 2 is essentially a spectral luminosity curve (plotted logarithmically), since like the human spectral luminosity curves it records the reciprocal of the relative energy required in different parts of the spectrum to produce the same physiological effect.
It is to be regretted that this point is occasionally not understood, and measurements are published which cannot be compared quantitatively with standard data. Thus the practice of measuring the retinal potentials produced in an eye by a spectrum whose energy content is unknown (Piper, 1905) or whose energy content has been equalized (Granit and Munsterhjelm, 1937) yields data that cannot be compared with a visibility curve or even with an absorption spectrum curve of visual purple. For such comparisons (cf. Hecht, 1937) it is necessary to know the relative energy in different parts of the spectrum required to produce the same physiological effect, such as a constant motor response (Hecht, 1928) or a constant retinal potential (Graham and Riggs, 1935) , or a constant number of optic nerve impulses (Graham and Hartline, 1935) or a constant amount of pupil contraction. It is easy to be misled by the equivocal definition of the human luminosity curve as the relative brightness of an equal energy spectrum; what this definition really means is the reciprocal of the energy in different parts of the spectrum required to produce a minimal or a constant visual brightness, not the relative brightness produced by a spectrum which is actually equal in energy throughout.
Since the data in Fig. 2 form a spectral luminosity curve, they may be compared directly with similar curves for the human eye. These are shown as a background in Fig. 2 in dotted lines. The one to the left is the luminos-ity curve at low intensities and is from the data of Hecht and Williams (1922) , confirmed by the later work of Sloan (1928) and of Weaver (1937) and represents the properties of rod vision. The one to the right is the luminosity curve at high intensities from the work of Gibson and Tyndall (1923) and represents practically pure cone vision. It is apparent that the measurements of the owl coincide with the dim luminosity curve of the human eye well within the range of individual variation. This confirms the rod nature of the owl's vision at low intensities and renders all the more secure the conclusion that it does not see in the dark by means of infrared radiation.
VI
Thresholds
There remains the problem which originally actuated Vanderplank, namely, how nocturnal owls manage to catch their prey in the (to us) extremely dim illuminations of the woods at night. In so far as this involves vision, it may be considered in terms of form discrimination and brightness.
We determined the brightness which produces the minimal effect on the iris of the owl. With the No. 74 (green) filter it is 1.5 × 10 -4 millilamberts. The brightness was actually measured at a much higher value with a Macbeth illuminometer, and computed for the minimal value in terms of lamp distance and decimal filter transmissions. We also determined with the same green filter and the same apparatus the minimum brightness which we ourselves could see after complete dark adaptation. This is just about 4.0 × 10 -7 miUilamberts. Thus the light which produces a just perceptible iris contraction in the owl is nearly 400 times more intense than our absolute threshold.
The measurements of Reeves (1918) show that a minimal pupil contraction of 0.5 mm. in the human eye occurs at a light intensity which is about 1000 higher than the threshold. Such a change in pupil corresponds to the minimum observed in the owl's eye. Therefore, if the relation between pupil size and brightness in the owl is like that in our eye, the absolute threshold for the owl's eye is about 1/1000 of 1.5 × 10 -4 millilamberts, or 1.5 X 10 -r millilamberts. However, one cannot put too much reliance on a computation of this kind, which may be off by a factor of 10.
A factor of 10 is much more important at low illuminations than at high, because visual acuity and form discrimination at low illuminations vary almost directly with intensity (cf. Hecht, 1937) . Thus, all other things being equal, if the owl's absolute threshold is one-tenth of ours, its visual acuity will be ten times ours at an illumination corresponding to our absolute threshold. In the illumination of the night woods this may give the owl enough form discrimination to account for its behavior.
SUMMARY
Infrared radiation (750-1500 m#) produces no iris contraction in the typically nocturnal long-eared owl even when the energy content is millions of times greater than that of green light which easily elicits a pupil change. The energies in different parts of the visible spectrum required for a minimal iris response yield a spectral visibility curve for the owl which is the same as the human visibility curve at low light intensifies. Functionally, the owl's vision thus corresponds to the predominantly rod structure of its retina, and the idea that nocturnal owls have a special type of vision sensitive to infrared radiation for seeing in the woods at night is erroneous.
